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, Bacteria [2] [3] [4] [5] [6] [7] , and Eukarya 8 . Here we present and explore the genome sequence of Aquifex aeolicus. With growth-temperature maxima near 95 ЊC, Aquifex pyrophilus and A. aeolicus are the most thermophilic bacteria known. Although isolated and described only recently 9 , these species are related to filamentous bacteria first observed at the turn of the century, growing at 89 ЊC in the outflow of hot springs in Yellowstone National Park 10, 11 . The observation of these macroscopic assemblages would later be instrumental in the drive to culture hyperthermophilic organisms 12 .
The Aquificaceae represent the most deeply branching family within the bacterial domain on the basis of phylogenetic analysis of 16S ribosomal RNA sequences 13, 14 , although analyses of individual protein sequences vary in their placement of Aquifex relative to other groups [15] [16] [17] [18] . The genera in this group, Aquifex and Hydrogenobacter, are thermophilic, hydrogen-oxidizing, microaerophilic, obligate chemolithoautotrophs 9, [19] [20] [21] . A. aeolicus (isolated by R.H. and K. O. Stetter) was cultured at 85 ЊC under an H 2 /CO 2 /O 2 (79.5:19.5:1.0) atmosphere in a medium containing only inorganic components. A. aeolicus does not grow on a number of organic substrates, including sugars, amino acids, yeast extract or meat extract. Unlike its close relative A. pyrophilus, A. aeolicus has not been shown to grow anaerobically with nitrate as an electron acceptor in the laboratory.
From study of the physiology of the organism, several predictions can be made. As an autotroph, A. aeolicus must have genes encoding proteins for one or more modes of carbon fixation and a complete set of biosynthetic genes. As autotrophy is a feature that is distributed throughout the Archaea and Bacteria, most of the associated genes are expected to be of ancient origin and clearly related to those characterized elsewhere. The obligate autotrophy suggests a biosynthetic rather than a degradative character. Oxygen respiration implies the presence of corresponding utilization and tolerance genes. The early divergence of the Aquificaceae inferred from ribosomal RNA sequences leads to several questions. Are the machineries for oxygen usage and tolerance homologous to those found in mitochondria and well studied organisms such as Escherichia coli, or were they invented separately? If there was far less oxygen when the lineage originated, is there evidence for use of alternative oxidants?
Genome
General features of the A. aeolicus genome are listed in Box 1. We classified 1,512 open-reading frames (ORFs) into one of three categories, namely, identified (Table 1) , hypothetical, or unknown. Identified ORFs were further classified into one of 57 cellular role categories adapted from Riley 22 ( Table 1 ). The relatively high G þ C content of the two 16S-23S-5S rRNA operons (65%) is characteristic of thermophilic bacterial rRNAs 23 . The genome is densely packed: most genes are apparently expressed in polycistronic operons and many convergently transcribed genes overlap slightly. Nonetheless, many genes that are functionally grouped within operons in other organisms, such as the tryptophan or histidine biosynthesis pathways, are found dispersed throughout the A. aeolicus genome or appear in novel operons. Even when they encode subunits of the same enzyme, the genes are often separated on the chromosome (for example, gltB and gltD, the genes encoding the large and small subunits of glutamate synthase). Operon organization of genes for the biosynthesis of amino acids is found in both Archaea and Bacteria but it is not universal in either group. A. aeolicus is extreme in that no two amino acid biosynthetic genes are found in the same operon. In contrast, genes required for electron transport, hydrogenase subunits, transport systems, ribosomal subunits, and flagella are often in functionally related operons in A. aeolicus (Fig. 1) . No introns or inteins (protein splicing elements) were detected in the genome.
A single extrachromosomal element (ECE) was identified during sequencing. Sequence redundancy for the total project was calculated to be 4.83. The ECE, however, is significantly over-represented relative to the chromosome; when calculated independently for the final assemblies, redundancies are 4.73 and 8.76 for the chromosome and for the ECE, respectively. The ECE therefore appears to be present at roughly twice the copy number of the chromosome. Although no ORFs on the ECE can be assigned a function with confidence, except for a transposase, two of the predicted proteins show similarity to hypothetical proteins in the Methanococcus jannaschii genome 1 . One ORF on the ECE is also present in two identical copies on the A. aeolicus chromosome, providing evidence of genetic exchange between the chromosome and the ECE.
Reductive tricarboxylic acid cycle
As an autotroph, A. aeolicus obtains all necessary carbon by fixing CO 2 from the environment. An assay for activity of the reductive tricarboxylic acid (TCA) cycle in A. pyrophilus cell extracts showed in vitro activities for each proposed reaction 24 . The reductive (reverse) TCA cycle fixes two molecules of CO 2 to form acetylcoenzyme A (acetyl-CoA) and other biosynthetic intermediates 25 . The A. aeolicus genome contains genes encoding malate dehydrogenase, fumarate hydratase, fumarate reductase, succinate-CoA ligase, ferredoxin oxidoreductase, isocitrate dehydrogenase, aconitase and citrate synthase, which together could constitute the TCA pathway. There is no biochemical evidence for alternative carbonfixation pathways in A. pyrophilus 24, 25 nor is there sequence evidence for such pathways in A. aeolicus.
The TCA cycle is vital as it provides the substrates of many biosynthetic pathways. (It is beyond the scope of this report to detail these biosynthetic pathways, but they seem to be typically bacterial, and candidate genes for all or most of the enzymes have been identified in A. aeolicus.) The central role of the TCA cycle is emphasized by duplication of many of its constituent genes in A. aeolicus. Two genes encode proteins that are similar to malate dehydrogenase (in addition to a lactate dehydrogenase). The fumarate hydratase is split into amino-and carboxy-terminal subunits, as is the case in M. jannaschii 1 . Unlinked genes encoding two ironsulphur proteins of fumarate reductase (alternatively succinate dehydrogenase) accompany a single flavoprotein subunit. Two sets of genes resembling succinate-CoA ligase (both the ␣-and ␤-subunits) are present. A. aeolicus has two putative operons encoding four-subunit (␣, ␤, ␥, ␦) 2-acid ferredoxin oxidoreductases; members of this family catalyze reversible carboxylation/decarboxylation of pyruvate, 2-isoketovalerate, or 2-oxoglutarate with varying specificity 26 . These duplicated genes may encode paralogous proteins with unique substrate specificity, as opposed to redundant functions. For example, a paralogue of succinate-CoA ligase may activate citrate with coenzyme A to form citryl-CoA, which citrate synthase can cleave to produce oxaloacetate and acetyl-CoA.
Gluconeogenesis through the Embden-Meyerhof-Parnas pathway
Growing autotrophically, A. aeolicus must synthesize pentose and hexose monosaccharides from products of the reductive TCA cycle. Pyruvate produced by pyruvate ferredoxin oxidoreductase or by pyruvate carboxylase (oxaloacetate decarboxylase) 24 may enter the Embden-Meyerhof-Parnas pathway of glycolysis and gluconeogenesis. Genes encoding fructose-1,6-bisphosphatase, an essential gluconeogenic enzyme in E. coli, have not been identified in the genomes of the autotrophs A. aeolicus or M. jannaschii 1 , suggesting that an unidentified pathway may exist. The A. aeolicus genome also encodes enzymes of the pentose-phosphate pathway and enzymes for glycogen synthesis and catabolism. We found neither (phospho) gluconate dehydrase nor 2-keto-3-deoxy-(6-phospho)gluconate aldolase of the Entner-Doudoroff pathway.
Respiration
Aquifex species are able to grow by using oxygen concentrations as low as 7.5 p.p.m. (R.H. and K. O. Stetter, unpublished observations).
The enzymes for oxygen respiration are similar to those of other bacteria: ubiquinol cytochrome c oxidoreductase (bc 1 complex), cytochrome c (three different genes) and cytochrome c oxidase (with two different subunit I genes and two different subunit II genes). The alternative system, with cytochrome bd ubiquinol oxidase, is also present. Clearly, the Aquifex lineage did not independently invent oxygen respiration. This leaves at least three possibilities: consistent with the ability of Aquifex to use very low levels of oxygen, the oxygen-respiration system was highly developed when oxygen had only a small fraction of its present concentration before the advent of oxygenic photosynthesis; contrary to what is implied by the 16S phylogeny, the lineage including Aquifex originated after the rise in atmospheric oxygen; or oxygen respiration developed once, and was then laterally transferred among bacterial lineages and acquired by Aquifex.
Many other oxidoreductases are present in addition to those obviously involved in oxygen respiration. The physiological role of most of these oxidoreductases is unknown or ambiguous, but two deserve comment. There is a putative nitrate reductase in the genome, although A. aeolicus has not been observed to perform NO − 3 respiration, unlike the closely related A. pyrophilus. The nitrate reductase gene is adjacent to a nitrate transporter, and may be involved in nitrogen assimilation rather than respiration. It is also possible that A. aeolicus has a latent ability to respire with nitrate but that the conditions required have not been found. Two gene sequences show strong similarities to Rieske proteins, even though the rest of the ubiquinol cytochrome c oxidoreductase subunits appear only once in the genome. One of these Rieske protein genes is adjacent to a sulphide dehydrogenase subunit, suggesting a role in sulphur respiration.
Oxidative stress
A. aeolicus grows optimally under microaerophilic conditions and consequently possesses various protective enzymes to counter reactive oxygen species, particularly superoxide and peroxide. The genome contains three genes encoding superoxide dismutases, two of the copper/zinc family and one of the iron/manganese family. The latter has also been noted in A. pyrophilus 27 . One of the copper/ zinc superoxide dismutase genes is located in a large gene cluster encoding formate dehydrogenase.
No catalase genes were identified. There are several genes in the genome that might encode proteins that catalyze the detoxification of H 2 O 2 , including cytochrome c peroxidase, thiol peroxidase, and two alkyl hydroperoxide reductase genes. All of these enzymes require an exogenous reductant and therefore do not evolve O 2 . However, treatment of A. pyrophilus 9 or A. aeolicus biomass with H 2 O 2 results in the rapid evolution of gas bubbles. This catalase activity may result from a novel enzyme that cannot yet be identified by sequence similarity.
Motility
Like A. pyrophilus 9 , A. aeolicus is motile and possesses monopolar polytrichous flagella. More than 25 genes encoding proteins involved in flagellar structure and biosynthesis have been identified in A. aeolicus (Box 1). However, no homologues of the bacterial chemotaxis system were identified. In enteric bacteria, membranebound receptors bind chemoattractants and repellents and mod- of a core structure containing ␣-and ⑀-subunits, a ␥--subunit and an additional member of the ␥-/␦Ј-family. A gene encoding a protein homologous to the ␤-sliding clamp was also found. This minimalistic complex lacks homologous -, ␦-, -and -subunits, as does the Mycoplasma genitalium holoenzyme 3 . Translation of the 54K (relative molecular mass) ␥--ATPase subunit may proceed without a programmed frameshift to produce a protein similar to the N-terminal region of the E. coli ␥-subunit. DNA polymerase I is present as separate Klenow fragment and 5Ј → 3Ј exonuclease subunits, encoded by two non-adjacent ORFs. Although the repair polymerase, DNA polymerase II, has not been found in A. aeolicus, one ORF (Aq1422) encodes a protein similar to the eukaryotic DNA repair polymerase-␤. A member of the same family has been identified in Thermus aquaticus 33 and Bacillus subtilis.
Transcriptional and translational apparatuses
The transcriptional apparatus of A. aeolicus is similar to that of E. coli and lacks any components specific to the Eukarya or Archaea (Fig. 2) . In addition to the core RNA polymerase ␣-, ␤-, and ␤Ј-subunits, four -factors which determine promoter specificity are present (Table 1) . Several different families of bacterial transcriptional regulators were also identified, including two-component systems. All of the ribosomal proteins and elongation factors common to other bacteria are present, indicating that all bacteriaspecific ribosomal proteins were present in the common ancestor of Aquifex and other bacteria. Also present are the four sel genes required for the cotranslational incorporation of selenocysteine. These latter genes are clustered in a 15-kilobase-pair segment that also encodes the biosynthetic and structural proteins for formate dehydrogenase, the only selenocysteine-containing protein identified. The gene that encodes selenocysteine transfer RNA, selC, is apparently cotranscribed with the genes encoding the formate dehydrogenase structural proteins.
A. aeolicus lacks glutaminyl-tRNA and asparaginyl-tRNA synthetases. The genes required for transamidation of glutamyl-tRNA aeolicus the homologues appear fragmented into two subunits. In both cases, the genes that encode the N-and C-terminal portions are widely separated on the chromosome. No complete threedimensional structural data are available for either methionyl-or leucyl-aminoacyl tRNA synthetases, but the subunit organization in the A. aeolicus aminoacyl-tRNA synthetases may reflect domain organization in the homologous proteins.
Thermophily
The A. aeolicus genome is the second completely sequenced genome of a hyperthermophile. By comparing the A. aeolicus and M. jannaschii genomes and contrasting them with the complete genomes of mesophiles, we can discover whether there are aspects of the genome or the encoded information that are diagnostic of hyperthermophiles. The G þ C content of the stable RNAs is clearly indicative of the high growth temperature of the organism. This property can be used to identify stable RNAs against the relatively low G þ C background of the A. aeolicus genome. The gene encoding tmRNA (or 10Sa RNA) 36 , an RNA involved in tagging polypeptides translated from incomplete messenger RNAs for degradation, was located in this way.
Two genes for reverse gyrase are present in the genome. This is the only protein known to be present only in thermophiles. Other proteins, currently described as hypotheticals, may be diagnostic of hyperthermophiles but the data sets are not yet large enough to decide this with confidence.
Although features of stabilization may not be apparent in any given protein 37 , a large enough data set may reveal general trends in amino-acid usage that are informative. Particularly important in this regard is inclusion of multiple genomes of hyperthermophiles so as not to allow the idiosyncracies of a single organism to bias the conclusions. As shown in Table 2 , comparison of the amino-acid composition encoded by six genomes shows that use of individual amino acids can vary significantly from genome to genome. The data suggest trends that may be correlated with the thermostability of the encoded proteins. One apparent trend is that the hyperthemophile genomes encode higher levels of charged amino acids on average than mesophile genomes 38 , primarily at the expense of uncharged polar residues. Glutamine in particular seems to be significantly discriminated against in the hyperthermophiles. Although this observation might be rationalized on the basis of an increased rate of deamidation of this residue at higher temperatures, aspargine does not appear subject to similar discrimination.
Phylogeny
The placement of the Aquifex lineage as one of the earliest divergences in the eubacterial tree 13, 14 is interesting because of the insights it could provide into the ancestral eubacterial phenotype, including the hypothesized thermophilic nature of the first bacteria. Proteinbased phylogenies often do not support the original rRNA-based placement 15, 16, 18 . Thus, the availability of some 1,500 genes from an Aquifex species would seem to offer a definitive resolution of the phylogeny. However, our analyses of ribosomal proteins, aminoacyl-tRNA synthetases, and other proteins do not do so, showing no consistent picture of the organism's phylogeny. We cannot make a more complete analysis and discussion here, but some observations can be made. These proteins do not yield a statistically significant placement of the Aquifex lineage or of other major eubacterial lineages. This situation partially reflects the inadequacy of some protein sequences as indicators of distant molecular genealogy because of their particular evolutionary dynamic, including the patterns and rates of amino-acid replacements. In some cases (such as the aminoacyl-tRNA synthetases for arginine, cysteine, histidine, proline and tyrosine), the analyses are further complicated by the presence of paralogous genes and/or apparent lateral gene transfers. It seems that a more extensive survey of genes and a better sampling of major eubacterial taxa will be required to confidently confirm or refute an early divergence of the Aquifex lineage.
Conclusions
Advances in sequencing techniques have allowed us to move beyond studies of single genes to studies of complete genomes only recently 2 . This rapid advance has created the opportunity to begin to characterize an organism with the full knowledge of the genome in hand. The complete genome summarized in this report represents our first view of A. aeolicus. The challenge now is to ask specific questions in ways which take advantage of the whole-genome data.
Beyond studies of any single organism in isolation, complete genomes allow comprehensive comparisons between organisms. For instance, comparisons of the similarity of genes can be made that reveal that genes in different categories vary in their relative conservation (Fig. 2) . In addition, genome-wide trends are apparent. For example, why is there not more of a tendency to group functionally related genes (for example, biosynthetic pathways) into operons in A. aeolicus? This was also seen in the genome sequence of the autotroph M. jannaschii 1 . Is this because the autotrophic lifestyle decreases the need for selective regulation? There also seem to be a few multifunctional, fused proteins in A. aeolicus and M. jannaschii. Although this seems unlikely to be related to autotrophy, it might be associated with extreme thermophily. The large number of diverse genome sequences that will become available in the coming years will allow more detailed correlation of global genomic properties with particular physiologies. 
Methods
Sequencing strategy. The sequencing strategy used to assemble the complete genome was based on the whole genome random (or 'shotgun') approach, which has been successfully used for other genomes of similar size [1] [2] [3] [4] . Shotgun sequencing projects are characterized by two phases: an initial completely random phase in which the bulk of the data is collected, followed by a closure phase where directed techniques are used to close gaps and complete the assembly. By pursuing a strategy where only 97% coverage was initially achieved, we were able to limit the number of sequences needed for the random phase to only 10,500 (ref. 39).
Sequences were generated from a small insert library constructed in ZAP II vectors 40 ,41 (average insert length 2.9 kilobase pairs). Two different methods were used for sequencing: first, dye-primer M13-21 and M13 reverse primer ABI Prism CS + ready reaction kits, analysed on 48-cm 4% polyacrylamide gels; and second, dye-terminator (ABI Prism FS+) reactions using two pBluescript-specific primers. These reactions were analysed on 36-cm 5% Long-Ranger gels. The sequence fragments were assembled on an Apple Power Macintosh computer using Sequencher (Gene Codes, Ann Arbor, MI), an assembly and editing program. Assembly was typically performed in batches of roughly 200-400 sequences, and was followed by inspection and editing of the assemblies. All sequences in the set were compared with all others through this process. After assembly, the sequences comprised ϳ750 contigs at the end of the random phase. Sequences were obtained from both ends of ϳ200 randomly chosen clones from a fosmid library 42, 43 . These sequences were then assembled with consensus sequences derived from the contigs of random-phase sequences using Sequencher. Gaps between contigs were closed by direct sequencing on fosmids not wholly contained within a contig. The fosmid library thus served a purpose analogous to that of the -scaffold in other projects [1] [2] [3] [4] . The final eight gaps were closed by direct sequencing of polymerase chain reaction (PCR) products generated with the TaqPlus Long PCR System (Stratagene Cloning Systems, La Jolla, CA).
Consequences of reducing the number of sequences in the random phase are the large number of gaps that remain to be closed in the directed phase, and the reduction in overall coverage. To ensure that reduced coverage did not compromise accuracy, ϳ200 oligonucleotide primers were synthesized to resequence regions of ambiguity identified by visual inspection of the entire assembly. 13,785 sequences, with an average edited read length of 557 base pairs, constitute the final assembly. On the basis of a relatively small number of errors identified during the annotation process, we estimate the error frequency to be Ͻ0.01%, comparable to other published genomic sequence estimates.
Gene (ORF + RNA) identification and functional assignment approaches.
Coding regions of the A. aeolicus genome were analysed and assigned using primarily the programs BLASTP 44 and FASTA 45 to search against a nonredundant protein database. Many analyses were carried out within the context of MAGPIE 46, 47 , an integrated computing environment for genome analysis. The results of these analyses are available for user interpretation, validation, and categorization. Additional ORFs were identified and start sites refined using the program CRITICA (J. H. Badger and G.J.O., unpublished program). Finally, all presumed 'intergenic regions' were examined with BLASTX for similarities to known protein sequences 48 . Transfer RNA genes were identified with the program tRNAscan-SE 49 .
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